Histochemical study revealed that transcutaneous injection of ethanol into the vicinity of the pterygopalatine ganglion greatly decreased the positive staining for NADPH diaphorase activity after 1 week in the ipsilateral ganglion of a dog and abolished the staining of perivascular nerves in the middle and posterior cerebral arteries. Transmural electrical stimulation or nicotine produced a relaxation in middle and posterior cerebral arteries isolated from the side with the nontreated ganglion (control side), whereas the relaxation was abolished or reversed to a contraction in the arteries from the side with the ethanol-treated ganglion. Nitric oxide-induced relaxations did not differ in the arteries from both sides. The response to nerve stimulation of the control arteries was suppressed by treatment with NG-nitro-Larginine (L-NA), an inhibitor of nitric oxide synthase, and the inhibition was reversed by L-arginine. Nicotine produced a contraction followed by a relaxation in central retinal arterial strips obtained from the control side; the relaxation was abolished and the contraction was potentiated in the arteries from the treated side. The nicotine-induced relaxation was abolished by L-NA, and the contraction was suppressed by phentolamine. On the other hand, the nicotine-induced relaxation in superficial temporal arteries, susceptible to L-NA, was not attenuated by treatment with ethanol. The findings obtained so far support our hypothesis that nitric oxide released from the vasodilator nerve acts as a transmitter to produce arterial smooth muscle relaxation and suggest that the nerve fibers to the cerebral and retinal arteries arise from the pterygopalatine ganglion. (Circulation Research 1993;72:206-213) KEY WORDS * pterygopalatine ganglion * nitroxidergic nerve * cerebral artery * superficial temporal artery * retinal artery * nicotine N itric oxide (NO) is postulated to play an important role in transmitting information from the nonadrenergic noncholinergic vasodilator nerve to cerebral artery smooth muscle.1 4 This hypothesis is supported by the findings that 1) the neurally induced relaxation is abolished by L-, but not D-, NO synthase inhibitors, and the inhibition is reversed by Lbut not D-argininel-4; 2) the relaxant response is abolished by methylene blue, an inhibitor of soluble guanylate cyclase,5 and hemoglobin, a NO scavenger,6 as is the relaxation caused by NO7,8; 3) stimulation of vasodilator nerves by electrical pulses or nicotine releases nitroxy compounds from the superfused endothelium-denuded arterial strip2; and 4) the nerve stimulation increases the production of cGMP,4 as does NO.9 Recent studies suggest that NO synthase of the constitutive type is present in nerves and endothelium,10 whereas the enzyme in vascular smooth muscle is the inducible type." Our previous study of canine cerebral arteries4 is not consistent with the view that NO is synthesized from
L-arginine in endothelium-denuded bovine pulmonary blood vessels and rat aortas immersed for long hours in bathing media and repeatedly stimulated by L-arginine.12"13 Bredt et al14 have immunohistochemically demonstrated that NO synthase is localized in the perivascular nerve and endothelium in rat cerebral arteries. These findings strongly suggest that NO acts as a transmitter in the vasodilator nerve that innervates the cerebral arterial wall; therefore, the nerve is called "nitroxidergic."15 '16 This idea is also supported by a recent study indicating that sectioning of parasympathetic efferent nerve fibers from the pterygopalatine ganglion in rats diminishes NO synthase-immunoreactive fibers in cerebral arteries. '7 We have previously demonstrated that vasodilator innervation is also present in dog and monkey superficial temporal arteries16'18 and in central retinal arteries (Y. Kitamura, T. Okamura, and N. Toda, Department of Pharmacology, University of Medical Sciences, unpublished data). NO is responsible for the neurally induced vasodilatation. The present study was undertaken to determine whether damage to the pterygopalatine ganglion impairs the response to nitroxidergic vasodilator nerve stimulation in canine middle cerebral, posterior cerebral, temporal, and retinal arteries. The obtained data suggest that the vasodilator nerve distributed to the cerebral and retinal arteries is originated from the pterygopalatine ganglion.
Materials and Methods
Mongrel dogs of either sex, weighing [8] [9] [10] [11] [12] [13] kg, were anesthetized with intraperitoneal injections of sodium pentobarbital (25 mg/kg), and 99.5% ethanol in a volume of 2.5 ml was transcutaneously injected into the vicinity of the unilateral pterygopalatine ganglion. 19 Disinfection was carefully performed during the procedure, and antibiotics were applied. One week after the injection, the dogs were killed under pentobarbital anesthesia by bleeding from the carotid arteries. The ganglia and surrounding localized tissues on the side of ethanol injection were damaged macroscopically. The tissues including the nontreated and ethanol-treated ganglia and middle or posterior cerebral arteries of both sides were removed for the use of microscopic histochemical study. The brain was rapidly removed, and the middle and posterior cerebral arteries (0.5-0.7 mm o.d.) were isolated. The central retinal artery (0.3-0.4 mm) just before the entrance to the eyeball and the superficial temporal artery (0.6-0.8 mm) were also isolated. All the arteries used were obtained from the nontreated and ethanol-treated sides, and paired analyses were made in the responses of the arteries from both sides. The arteries were helically cut into strips approximately 20 mm long. The specimens were vertically fixed between hooks in a muscle bath containing the modified Locke-Ringer solution, which was aerated with a mixture of 95% 02-5% CO2 and maintained at 37+0.3°C. The hook anchoring the upper end of the strips was connected to the lever of a force-displacement transducer (Nihon-kohden Kogyo Co., Tokyo). Resting tensions were adjusted to 1.5 g for cerebral and temporal arterial strips and to 0.7 g for retinal arterial strips, which are optimal for inducing the maximal contraction. Constituents of the solution were as follows (mM): NaCl 120, KCl 5.4, CaCl2 2.2, MgC12 1.0, NaHCO3 25.0, and dextrose 5.6. The pH of the solution was 7.36-7.42. Before the start of experiments, all of the strips were allowed to equilibrate in the bathing media for 60-90 minutes, during which time the fluids were replaced every 10-15 minutes.
Some of the cerebral arterial strips were placed between stimulating electrodes. The gaps between the strips and the electrodes were wide enough to allow undisturbed contraction and relaxation and yet sufficiently narrow to stimulate intramural nerve terminals effectively. A train of 0.2-msec square pulses of supramaximal intensity were transmurally applied at a frequency of 5 Hz for 40 seconds. The stimulus pulses were delivered by an electronic stimulator.
Isometric contractions and relaxations were displayed on an ink-writing oscillograph. The contractile response to 30 mM K' was first obtained, and then the strips were washed three times with fresh media and equilibrated for 30-40 minutes. The strips were contracted partially with prostaglandin F2a (2-10x10-7 M); the contractions were in a range between 22% and 38% of the contraction induced by 30 mM K'. Transmural electrical stimulation was applied repeatedly at intervals of 10 minutes until the steady responses were obtained, and then blocking agents were applied. Nicotine (10-4 M) and NO (10-7 M) were applied directly to the bathing media, and the strips were repeatedly washed. After the re-were treated for approximately 30 minutes with blocking agents. At the end of each series of experiments, papaverine (10`4 M) was added to attain the maximal relaxation; relaxations induced by transmural stimulation or vasodilator agonists relative to those induced by papaverine were presented.
The tissues including the pterygopalatine ganglion and the cerebral artery removed were used for NADPH diaphorase staining. 20 The tissue blocks were fixed in ice-cold 0.1 M phosphate-buffered saline (PBS), pH 7.4, containing 0,3% glutaraldehyde and 4% paraformaldehyde and then postfixed overnight in 0.1 M PBS with 4% paraformaldehyde, followed by cryoprotection in 15% sucrose. The fixed blocks were cut into sections (20 ,1m thick) in a cryostat (Cryotom, Nakagawa Seisakusho Co., Tokyo) and mounted onto gelatin/chrome-alumcoated glass slides. The sections were then rinsed in 0.1 M PBS. NADPH diaphorase staining was performed by incubating glass-mounted sections with 0.1 M PBS, pH 8.0, containing 1 mM NADPH (Kohjin Co., Tokyo), 2 mM nitro blue tetrazolium (Sigma Chemical Co., St. Louis, Mo.), and 0.3% Triton X-100 at 37°C. The period of incubation (range, 30-60 minutes) was determined by staining intensity and was kept constant in sections from each individual animal. The reaction was terminated by washing the sections in 0.1 M PBS. After several washes with distilled water, the sections were air-dried and cover-slipped with Entellan (Merck, Tokyo). Almost serial sections were doubly stained for NADPH diaphorase and eosin. A histochemical control experiment, in which NADPH was excluded from the reaction mixture, gave no positive staining. The sections were then examined and photographed under a light microscope. Neuronal cells of the ganglion were verified by cresyl violet staining in different sections.
The results shown in the text and figures are expressed as mean+SEM. Statistical analyses were made using Student's unpaired t test and Tukey's method after one-way analysis of variance. Drugs used were NG-nitro-L-arginine and NG-nitro-D-arginine (L-NA and D-NA, respectively) (Peptide Institute Inc., Minoh, Japan), L-and D-arginine, nicotine (Nacalai Tesque, Kyoto, Japan), ethanol (99.5%, Kanto Chemicals, Tokyo), phentolamine mesylate (CIBA-GEIGY, Takarazuka, Japan), prazosin hydrochloride (Pfizer-Taito Co., Tokyo), hexamethonium bromide (Yamanouchi Co., Tokyo), tetrodotoxin (Sankyo Co., Tokyo), prostaglandin F2a (Ono Co., Osaka, Japan), and papaverine hydrochloride (Dainippon Co., Osaka). Responses to NO were obtained by adding the NaNO2 solution adjusted at pH 2.21
Results

Histochemical Study
One week after ethanol injection into the vicinity of the pterygopalatine ganglion of a dog, NADPH diaphorase activity was examined histochemically. Figure 1 illustrates a sharp contrast between the ganglia excised from the ethanol-treated and nontreated sides. Positive neuronal stainings in both cell bodies and fibers are markedly decreased by ethanol treatment. Similar results were consistently observed in two other dogs.
In the middle cerebral artery obtained from the sponses to the agonists were stabilized, preparations nontreated side, perivascular nerve bundles and fibers A t '#1 containing NADPH diaphorase were observed ( Figure  2 ). In the artery of the ethanol-treated side obtained from the same dog, the positive staining was abolished. These findings were obtained in the other pair of middle cerebral arteries and two pairs of posterior cerebral arteries.
Histological changes in the ganglion and perivascular nerve containing NADPH diaphorase activity were not U '--, \ The addition of 10`4 M nicotine elicited a transient moderate relaxation in prostaglandin F2d-contracted strips obtained from the side with the nontreated ganglia. Relaxations in the middle and posterior cerebral arteries averaged 33.4+4.3% (n=5) and 38.3+5.8% (n =6), respectively. A similar magnitude of relaxations was obtained in the arteries isolated from the side with the ganglion treated with saline (36.3+6.8%, n=4). In contrast, the arteries from the ethanol-treated side did not respond to nicotine with relaxations ( Figure 4 ). The relaxant response to 10`M NO was not altered by denervation. In 10 of 10 innervated arterial strips, nicotine-induced relaxations were almost abolished by treatment with 10-6 M L-NA, and the addition of L-arginine (3 x 10-4 M) restored the response (Figure 5 ).
Responses of the Retinal Arteries to Nicotine
In the retinal arterial strips obtained from the side with the nontreated ganglia, nicotine (10-4 M) produced a moderate relaxation that was preceded by a slight contraction (42 mg, one of six strips) ( Figure 6 ). The strips from the saline-treated side responded to nicotine with a moderate relaxation (57.0+3.2%, n=4), as did the strips from the nontreated side. On the other hand, the strips from the ethanol-treated side responded to nicotine with contractions (20-440 mg, four of six strips) or did not respond at all (the remaining two strips). Contrasting responses in the innervated and denervated arterial strips are illustrated in Figure 6 . aIp<0.001 vs. the C value by unpaired t test. denervated strips. Hexamethonium also abolished the contractions. In the phentolamine-treated strips, nicotine-induced relaxations were abolished by denervation associated with the ethanol injection ( Figures 6 and 7) . Concentrations of phentolamine could not be raised, since the effect of nicotine is nonspecifically inhibited.22
Even when the contraction in denervated arteries was completely abolished by combined treatment with 10M phentolamine and 10`M prazosin, no relaxation was induced in response to nicotine (n=2). The combined treatment did not alter the relaxant response to nicotine in innervated arteries treated only with phentolamine (n=3). Denervation did not inhibit the relaxation caused by 10`M NO (Figure 7 ). In the innervated arterial strips treated with phentolamine, nicotine-induced relaxations were markedly suppressed by L-NA (10 6 M), and additional treatment with L-arginine (3 x 10`M) restored the relaxation.
Mean values in control media and those containing L-NA and L-NA plus L-arginine were 59.7±6.6%, 6.3+±4.3%, and 61.0±6.0% (n=6), respectively; the difference (L-NA treatment versus control treatment and L-NA+L-arginine treatment) was statistically significant (p<0.01 by Tukey's method). Hexamethonium (10-5 M) abolished the nicotine-induced relaxation (n=5). In four denervated arterial strips treated with phentolamine, L-NA tended to increase the nicotineinduced contraction ( Figure 6 in the remaining two, in which no response was induced by nicotine.
Responses of Superficial Temporal
Arteries to Nicotine Temporal arterial strips obtained from the sides with nontreated and ethanol-treated ganglia responded to nicotine (10`4 M) with a transient contraction followed by a moderate relaxation (Figure 8 ). 
Discussion
The present histochemical study proved that transcutaneous injection of ethanol into the vicinity of the pterygopalatine ganglion suppressed positive staining for NADPH diaphorase activity after 1 week in the ganglion and abolished the staining in the ipsilateral middle cerebral and posterior cerebral arteries of dogs. According to Nozaki et al,17 bilateral sectioning of parasympathetic efferent fibers from the pterygopalatine ganglion eliminates NO synthase-immunoreactive nerve fibers in the cerebral circular artery of rats. Unilateral sectioning also reduces the density of immunoreactive fibers on the same side. Therefore, ethanol treatment in dogs is expected to damage NO synthasecontaining ganglionic neurons, innervating the cerebral arterial wall.
Middle and posterior cerebral arteries obtained from the side with the ethanol-treated ganglion responded to transmural electrical stimulation and nicotine with only a slight relaxation or, in some instances, with a slight contraction, whereas the arteries from the control or saline-treated side isolated from the same dogs always responded with a moderate relaxation. In the arteries from the treated and nontreated sides, relaxations caused by exogenously applied NO did not differ. The relaxant response of control arteries to nerve stimulation was abolished by treatment with L-NA, a NO synthase inhibitor,23,24 but not by D-NA, and the inhibition was reversed by L-arginine, as reported in a previous article dealing with canine basilar and middle cerebral arteries. 4 As described earlier, the data obtained so far appear to meet requirements for the idea that NO released as a transmitter from vasodilator nerves activates guanylate Control -i-cyclase in smooth muscle and increases the synthesis of cGMP that is responsible for muscle relaxation. These findings would support the hypothesis that the nitroxidergic nerve in canine cerebral arteries originates from the pterygopalatine ganglion.
Retinal arterial strips from the nontreated or salinetreated side responded to nicotine with a transient contraction followed by a relaxation, whereas the arteries from the side with the ethanol-treated ganglion did not respond or responded only with a contraction. The relaxation of the control side arteries was abolished by treatment with the NO synthase inhibitor, and L-arginine restored the response, as seen in the cerebral arteries. The NO-induced relaxation was not influenced by treatment of the ganglion with ethanol. Therefore, the activation of nitroxidergic nerves is also expected to be responsible for the relaxation. The induced contraction was inhibited or abolished by ca-adrenoceptor antagonists and hexamethonium, suggesting the involvement of norepinephrine released from adrenergic nerves. The damage to the pterygopalatine ganglia impaired only the nitroxidergic nerve function but did not appear to alter the function of the noradrenergic nerves, suggesting that the NO-generating system and norepinephrine do not exist in the same fiber.
The temporal arterial tone of the dog and monkey is postulated to be regulated by nitroxidergic vasodilator and noradrenergic vasoconstrictor nerves (the present study and References 16 and 18). The biphasic responses of the arteries, contraction followed by relaxation, were not influenced by treatment of the pterygopalatine ganglion with ethanol. In the arteries from both sides, the contraction was potentiated and the relaxation was suppressed by treatment with L-NA. Therefore, nitroxidergic nerves in the temporal artery do not seem to arise from the pterygopalatine ganglion.
The present study further provides supportive evidence for the hypothesis that the relaxant response to electrical stimulation or nicotine is associated with activation of vasodilator nerves, in which NO acts as transmitter, and the obtained data have led us to conclude that the pterygopalatine ganglion appears to be the source of nitroxidergic vasodilator nerve fibers distributed to intracranial arteries, including the middle and posterior cerebral arteries, and to the central retinal artery. The latter artery is formed by an anastomosis of internal and external ophthalmic arteries in dogs,25 which are branches of the internal carotid and external carotid arteries, respectively. However, nitroxidergic nerve fibers from the pterygopalatine ganglion do not appear to be distributed to the superficial temporal artery, a branch of the external carotid artery. According to histochemical studies,26-28vasoactive intestinal polypeptide-containing fibers from the pterygopalatine ganglion are distributed to the cerebral, ophthalmic, and superficial temporal arteries of the rat. Whether contrasting results on the nitroxidergic innervation in the dog temporal artery and the vasoactive intestinal polypeptidergic innervation in the rat artery are due to the differences in species or to different nerve fibers remains to be determined. Studies of the ganglion that supplies nerve fibers to the temporal artery are currently being performed by neuroanatomical methods, including NO synthase immunohistochemistry.
